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We combine experimental bounds on the electric dipole moments of the neutron and electron with cosmological 
limits on the relic density of a gaugino-type LSP neutralino to constrain certain CP- violating phases appearing in 
the MSSM. We find that in the Constrained MSSM, the phase \9^\ <, vr/lO, while the phase 9a remains essentially 
unconstrained. 
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The Minimal Supersymmetric Standard Model 
(MSSM) contains several new sources for CP- 
violation not present in the Standard Model, and 
it is well known that these phases can pro- 
duce large SUSY contributions to the electric 
dipole moments (EDM's) of the neutron and elec- 
tron. The common generic description is that 
these contributions will exceed the current exper- 
iment limits on the neutron and electron EDM's 
unless either the CP-violating phases are 
tiny {9 < 0.01) or the sfermion masses are very 
large (m^ > ITeV). However, large sfermion 
masses may be incompatible with bounds on the 
relic density O^/i^ of a gaugino-type LSP neu- 
tralino. By combining cosmological and EDM 
constraints, we wish to find an upper bound on 
the magnitude of CP-violating phases within the 
MSSM. 

In the MSSM, the Higgs mixing mass /i, the 
guagino mass parameter my 2, the scalar Higgs 
mixing parameter Bfi, and the trilinear couplings 
A are all potentially complex. However, not all 
of these phases are physical, and by rotating the 
gaugino and Higgs fields, one can eliminate the 
phases in all but /i and the A's Q. 

The electric dipole moments of the quarks and 
electron receive SUSY contributions from the dia- 
grams of Figure Here A can be either a gluino g, 
chargino W or neutralino , and it is understood 
that an external photon line attaches to either the 
internal sfermion or W line. The necessary CP- 
violation either accompanies the mixing between 
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left and right-handed sfermionsjjr arises from the 
mass/mixing matrices for the W^'s or x^'s (due to 
the presence of fi in both mass matrices). 
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Figure 1. Diagrams contributing to quark and 
electron EDM's 



Full expressions for the W, x° and g exchange 
contributions to the quark and electron EDM's 
in terms of the SUSY parameters can be found 
in 1^. The g exchange contribution to the quark 
EDM takes a particularly simple form: 



as mq'mg\A* + /itan/3| 



■ sm7 
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For up-type quarks, take tan/3 cot/3. Here 
7 is the argument of the off-diagonal element of 
the squark mass matrix, 7 — arg(A* -I- /itan/3). 
For typical values of the masses, rrig = rrij = 
\A* + /itan/3 1 = 100 GeV, the requirement that 
the quark EDM contribution to the neutron EDM 
satisfy the experimental bound[Q of |c?„| < 1.1 x 
10~^^ecm implies that the phase 7 be very small, 
sin7 < 0.001. However, this bound can be con- 
siderably relaxed by making the squarks heav- 
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ier. The W exchange contribution also has a sim- 
ple dependence on the SUSY phases, as d^/e ^ 
sin 0^ , while the x'^ exchange contribution has a 
more complicated dependence. Finally, we use 
the non-relativistic quark model to relate the neu- 
tron EDM to the up and down quark EDM's via 
dn = (4dd - d„)/3. 

We recall that a general neutralino is a linear 
combination^f the neutral guaginos and higgsi- 
nos, x° = aiW3+f}iB+-/iHi+SiH2. For large > 
M2,Mz, however, the lightest neutralino is very 
pure bino. We consider the case of a bino as the 
lightest supersymmetric particle (LSP). To com- 
pute the B relic density, we calculate the B an- 
nihilation cross-section; ^gh^ ^ (canni^rci)^^- B 
annihilation is dominated by sfermion exchange 
into fcrmion pairs. This process exhibits "p-wave 
suppression" ; that is, the zero-temperature anni- 
hilation rate is suppressed by powers of the fi- 
nal state fermion mass. Note that raising 
turns off this annihilation channel, and so bound- 
ing ^'^h? places an upper limit on the sfermion 

masses as well as on the B mass. 

It has been shown||] that ^^h^ may in some 
cases be sensitive to the presence of CP-violating 
phases in the sfermion mass matrix. Since i3's 
freeze out when they are non-relativistic, it is con- 
venient to expand the annihilation cross-section 
(cann^^rei) = CL + ^{T /m~) -|- . . .. In the abscncc 
of CP- violation and sfermion mixing, and taking 



mj^, a is given by 
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and the p-wave suppression is evident, as a/ ^ 
m^. Here 1l(Yr) is the left(right) sfermion hy- 
percharge. In the presence of CP-violation and 
sfermion mixing, and taking ~ ™/2' 



(m + — rrif) 



2^2 



sin^ 26*/ sin^ 7/ -I- 0{m-fm~), (3) 

where ^/ is the mixing angle between left and 
right sfermions, and 7/ is the phase described 
above. In this case, a/ contains a piece which 
is not p-wave suppressed. 



In this talk, I will consider the case of the Con- 
strained MSSM (CMSSM). In this Ansatz, the 
scalar masses are taken equal to a universal niQ 
at a unification scale Mx, the gaugino masses 
unify to my 2, and the trilinear couplings Af are 
set equal to Aq. The renormalization group equa- 
tions are then used to run the parameters down 
to the electroweak scale. We are left with two 
independent phases, 6*^ and 6 a at the scale Mx- 



(GeV) 



500 
340 

180 

20 




50 250 450 

Figure 2. 
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In Figure y we display contours of constant 
— 0.25,0.5, and 1.0, as a function of 



Too and my2, for tan/3=2.1, and taking ^0 = 
300 GeV, 61a = O.Stt and 0^ = Q §. The dark 
regions^^are excluded because they produce either 
light Ws or light sfermions or lead to staus or 
stops as the LSP. Also plotted are curves of con- 
stant B purity, and we observe that the neutrali- 
nos near their mass upper bound for ^^h? = 
0.25 are very pure (p > 0.99) bino, so that 
the x^'s will annihilation predominantly through 
sfermion exchange, as described above. Requiring 
^x^^ — 0-25, the resulting upper bound on my2 
is w 400 GeV, corresponding to to— < 160 GeV. 

This bound is quite independent of the pa- 
rameters Aq^Oa and 9^. Recall that the lifting 
of the p-wave suppression described above re- 
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quires both CP-violation and significant sfermion 
mixing (though it can be hfted to some extent 
by sfermion mixing alone). Since annihilation 
into leptons is particularly enhanced, we con- 
sider stau mixing. At the electroweak scale, the 
left and right stau mass parameters are split by 
— ~ OArriy^. Then for the part of the 
zero temperature cross-section which is not p- 
wave suppressed, ((Tann'yrei)T=o ^ sin^ 26',-, where 

sin^2...0.0lfl^Vf^^^^V(4) 
V ^1/2 J V 100 GeV J ^ ' 

This is very small for my2 near its upper bound, 
and so the zero temperature annihilation rate re- 
mains suppressed. 

The neutron EDM is sensitive to the masses of 
the squarks, which in the CMSSM are given by 
m? ~ TOq -I- 6mi/2^ -I- 0(to|). These masses, and 
consequently the neutron EDM, are insensitive to 
mo in the cosmologically allowed region (see Fig- 
ure H) . We also find that the dominant contribu- 
tion to the neutron EDM comes from W^-exchange 
(unless 9a 3> 9^), and so is insensitive to ^o- 
Minimizing the neutron EDM is then achieved by 
taking my2 as large as is cosmologically allowed. 
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Figure 3. Minimum value of toi/2 needed to bring 
the neutron EDM below experimental bounds. 

Accordingly, in Figure |^ we plot, as a func- 
tion of 9^ and 0^, the minimum value of my 2 
needed to bring the neutron EDM down below 
its experimental bound of 1.1 x 10^^^ e cm. The 



light central region has m^Jj" < 200 GeV, and suc- 
cessive contours represent steps of 100 GeV. The 
black regions yield a stau as the LSP. Since W ex- 
change dominates unless 9a ^ 9^, and since 9a 
contributes only part of 7, the neutron EDM is 
fairly insensitive to 9a- The contours are bowed 
to the right of 0^ = 0, where there is a can- 
cellation between the W and g exchange contri- 
butions. There are also similar allowed regions 
near 0^ = tt and for negative 9a- Recalling that 
rtj^h^ < 0.25 requires my2 ^ 400 GeV, we see 
from Figure ^ that j^^j < vr/lO, while 9a is es- 
sentially unconstrained. 
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Figure 4. Same as Figure I for the e- EDM 



The above bounds may be sensitive to the spin 
structure of the nucleon|^, so it is important to 
also consider bounds from the electron EDM. In 
Figure ^ we require my2 to be large enough so 
that the e" EDM is less than 1.9 x 10-2'5ecm[D. 
We find the bounds on 0^ from the e~ EDM are 
comparable to those from the neutron EDM. 
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